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ABSTRACT: Marine biodiversity is expressed through the huge
variety of vertebrate and invertebrate species inhabiting intertidal to
deep-sea environments. The extraordinary variety of “forms and
functions” exhibited by marine animals suggests they are a promising
source of bioactive molecules and provides potential inspiration for
different biomimetic approaches. This diversity is familiar to biologists
and has led to intensive investigation of metabolites, polysaccharides,
and other compounds. However, marine collagens are less well-known.
This review will provide detailed insight into the diversity of collagens
present in marine species in terms of their genetics, structure,
properties, and physiology. In the last part of the review the focus will
be on the most common marine collagen sources and on the latest
advances in the development of innovative materials exploiting, or
inspired by, marine collagens.
1. INTRODUCTION
According to recent estimates there are 7.7 million animal
species on the Earth; of these, around 2.1 million inhabit
marine environments.1 Although there is no doubt that
terrestrial ecosystems are both richer and better known in
terms of numbers of species, the scenario is reversed when
higher taxonomic levels are taken into account,1,2 possibly due
to the greater stability of the aquatic environments during their
evolutionary histories. This is also demonstrated by the wide
variety of morphologies and physiologies shown by aquatic
species and by the wide range of metabolites that are a valuable
source of bioactive compounds with biomedical applica-
tions.3−5
Animals appeared and mostly evolved in water; one of the
key factors that led to the passage from small cell aggregates to
a variety of large animals is thought to be the appearance of a
relatively simple but highly hierarchical protein: collagen.6,7
Besides being a key molecule in the life histories and evolution
of more complex life forms, collagen also represents a valuable
compound for different biotechnological fields.
Collagens, in particular marine collagens, have recently
attracted the attention of scientists, as demonstrated by the
increasing number of publications in the last 15 years.8 Marine
collagens and collagen-derived products, such as gelatin and
collagen peptides, have shown interesting properties in
comparison with the more traditional and established sources
(mainly bovine and porcine). Most of the investigations of
marine collagens have dealt with those derived from
vertebrates, whereas invertebrates have been quite neglected
as a source of these molecules.
This review will give an overview of the general character-
istics of collagens before examining the main sources of marine
collagens, the main applications for these collagens, and the
main challenges and future opportunities that might be
encountered during a deeper exploration of marine collagens.
2. COLLAGEN FUNDAMENTALS
Collagens are a large family of proteins that form the main
organic portion of the extracellular matrix (ECM). Collagens,
with the possible exceptions represented by Placozoa9 and
Rotifera,10 are often considered to be a metazoan hallmark,11
and their appearance led to the creation of an extracellular
scaffolding that allowed the transition from microscopic
protozoans to the macroscopic multicellular complexity of
metazoans.6 Collagens are highly hierarchical proteins, and by
forming fibrils, microfibrillar networks, and basement mem-
branes, they represent the most abundant proteins in many
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animals and the main building blocks of most connective
tissues and organs.
Collagen is particularly abundant in connective tissues where
its main functions are to transmit, resist, and dissipate
mechanical forces and to store and release elastic strain
energy.12 As well as forming well-organized structures that
contribute to the cellular scaffolding and confer mechanical
stability on tissues and organs, collagens also present specific
binding domains that have many important functions in
different physiological processes. Through the presence of
molecule-binding motifs, collagens are involved in the storage
and release of cellular mediators, thus playing a critical role
during development and during the repair and regeneration of
tissues and organs.13−16 One well-known binding site is the
RGD motif, which binds fibronectin.17
So far almost 30 types of collagen have been described.11 All
of them have repeated Gly-Xaa-Yaa tripeptide sequences
(where Xaa and Yaa are most commonly proline and
hydroxyproline, respectively, but can be any amino acid),
which are mainly responsible for the presence of the α helix
domain.8
2.1. Collagen Synthesis. As is the case with all proteins,
collagen synthesis starts with DNA transcription following
specific signals (Figure 1).
After gene translation and eventual alternative splicing
events, the peptide sequences are produced by the ribosomes
and processed by the RER/Golgi where post-transcriptional
modifications take place. Gene translation and alternative
splicing depend largely on cell phenotype and physiological
state: different cytokines and growth factors are involved in the
regulation of collagen production.18 The variety of collagens
that can be produced by a single gene is dramatically enhanced
by the numerous post-transcriptional modifications produced
by a toolkit of specific enzymes (see Table 1).
Once the procollagen molecules (collagen precursor) are
folded, they are secreted into the extracellular matrix (ECM)
where, depending on the collagen type, the N- and C-
propeptides can be removed by procollagen N- and
procollagen C-proteinase.21 Once in the ECM, collagens
undergo a spontaneous process of high-order alignment that is
characteristic for each collagen subfamily (structural organ-
ization is detailed in section 2.2).
After collagens have been released and have acquired their
conformation in the ECM, they undergo a set of modifications.
The nature of these modifications depends largely on the
degree of quantitative and qualitative post-translational
modifications, the tissue where they are secreted, and the age
of the individual (see ref 22 for an extensive review of collagen
maturation and modifications). The modifications can be
divided roughly into two different categories: those that cross-
link procollagen with divalent bonds and those that modify
mature collagen via trivalent cross-links and glycation.
The end-overlap quarter-staggered alignment, typical of
fibril-forming collagen types I and III, is promoted by the
specific divalent cross-linking of residues in the telopeptides
(9N and 16C) and in the helical region (residues 87 and 930).
In the helical region the sites involved have the specific amino
acid sequence Hyl-Gly-His-Arg-Gly.22 The aldehyde groups
formed in the telopeptide sites can react with the hydroxylysine
in this sequence of the helix due to the staggering of the
molecules, thus contributing to the stabilization of the
structure. In the network-forming collagen type IV, the
sequence is slightly different, with the His being substituted
by Glu;22 here, the cross-links occur at the 7S N-terminal
region of adjacent molecules, while cross-linking between two
consecutive type IV collagen molecules is provided by stable
disulfide bonds.23
The process of collagen maturation also involves further
intra-/intermolecular cross-linking and is responsible for the
increasing insolubility and mechanical strength of older
collagenous tissues. The process depends on several different
reactions between amino acidic groups as well as on glycation
processes that have important consequences for collagen
structure and properties (see ref 22 for an extensive and
detailed review).
2.2. Collagen Types and Microstructures. As discussed
above, all collagens are characterized by the presence of a
specific region where three polypeptide chains self-assemble to
form a tightly bonded triple helix structure. The presence of
these regions is due to the strong tendency for proline-rich
repeated Gly-Xaa-Yaa tripeptide sequences to assume this
conformation (see for instance ref 24 for a detailed explanation
of the chemical bonds involved).
Collagens can be classified according to the different
supramolecular aggregations formed by the aforementioned
triple helices. According to Bailey and co-workers22 collagen
assembly results in the formation of fibril-forming collagens,
fibril-associated collagens with interrupted triple helices
(FACIT), network-forming collagens, anchoring fibrils, trans-
membrane collagens, basement membrane collagens, and
others with unique functions (see also ref 24).
Types I, II, and III are the most common fibrous collagens.
They are long rodlike proteins that self-assemble in a parallel,
quarter-staggered end-overlap arrangement to form fibrils. This
staggered organization produces a characteristic banding
pattern with a periodicity of approximately 67 nm, although
small variations have been found.25 Other less common
collagens belonging to this category are types V and XI which
Figure 1. Graphical representation of the collagen synthesis and
secretion pathway. GT, hydroxylysyl galactosyltransferase/galactosyl-
hydroxylysyl glucosyltransferase; LH, lysin hydroxylase; HSP 47, heat
shock protein 47; OTC, oligosaccharyl transferase complex; PDI,
protein disulfide isomerase; PH, proline hydroxylase; PPI, peptidyl-
prolyl cis−trans-isomerase; R, ribosome. Adapted from Advanced
Drug Delivery Reviews, 55 (12), Gelse, K., Pöschl, E., Aigner, T.,
Collagens - Structure, Function, and Biosynthesis, 1531−1546,
Copyright 2003, with permission from Elsevier.
Biomacromolecules pubs.acs.org/Biomac Review
https://doi.org/10.1021/acs.biomac.1c00013
Biomacromolecules XXXX, XXX, XXX−XXX
B
are involved in fibril initiation and have important roles in the
determination of fibril structure and ECM organization.13,25
Type IV collagen is a very long (400 nm), flexible protein,
which has irregularities in the Gly-X-Y sequence and is the
main constituent of all basement membranes. All known type
IV collagens have the same modular organization: a short N-
terminal domain, a central collagenous domain with multiple
interruptions in the repeated Gly-Xaa-Yaa sequence providing
the molecule with flexibility,26 and a highly conserved C-
terminal domain (NC1). The NC1 domain consists of two
hemidomains which share highly similar amino acid
sequences.27 This collagen forms a “chicken-wire” network
based, as mentioned above, on units of four molecules
arranged in an antiparallel fashion through their amino
terminuses to produce a 110 nm overlap region known as
the 7S region, while adjacent carboxy terminuses, which lack
the triple helical conformation, interact to generate a
characteristic planar conformation.11
Like type IV, type VIII and X short-chain collagens also form
networks. Their supramolecular structure has not been fully
described, but it seems that type VIII forms hexagonal lattices
in Descemet’s membrane of the cornea,28 while type X is
mostly associated with growth plate cartilage.29
Type VII collagen forms short fibrils resulting from the
lateral aggregation of antiparallel overlapped dimer microfibrils.
It has a 60 nm periodicity and can be found beneath the lamina
densa of many epithelia. In skin and cornea, it is an important
structural component of the anchoring fibrils, forming, via type
IV collagen/type VII carboxyl-terminal domain interactions,
amorphous plaques that are involved in the interactions of
collagen fibrils, microfibrils, and other ECM components.30
Type VI is a microfibrillar collagen that forms a loosely
packed filamentous structure in all the connective tissues
except bones;13 it is thought to also be involved in the
alignment of large type I collagen fibers.22,31 This collagen
consists of laterally aggregated beaded filaments with a peculiar
banding pattern. The collagen is composed of two peptides:
one has a molecular weight (MW) of 140 kDa and constitutes
the helical region; the other is a 260 kDa protein involved in
the aggregation of the fibrils through disulfide cross-links.32
The banding pattern has been found to have a periodicity of
around 95 nm,32 although for simplicity this is generally
reported as 100 nm.
Several collagen types do not form fibrils or networks but are
present among fibril-forming collagens. These include type XII
and type XIV collagens associated with type I collagen.33,34
Type IX collagen is associated with type II collagen in adults35
(Figure 2), while both type XII and XIV have been detected in
fetal cartilage.36
The structures described above are based on human
collagens, which have been well described and characterized,
while much less is known about the collagens of other animals.
Most of the data on aquatic organisms relate to fish and very
few to marine invertebrates. Marine invertebrates possess
collagens that are similar to those of higher vertebrates, namely
homotypic and heterotypic fibrillar collagens,37,38 basement
membranes,39 and microfibrils.40,41 However, in contrast to
mammalian type I and V collagens, which are always composed
of heterotrimeric α1/α2 chains,13 collagen type I and V in
marine organisms can be either homotrimeric or composed of
α1/α2/α3 chains.42,43 Invertebrate fibrillar collagens are also
characterized by the presence of specific imperfections in the
collagenous domain.44 Moreover, examples of collagens with
unique features have been described (Table 2).
2.3. Collagen Genomics and Evolution. The character-
ization of the collagen genes of lower metazoans has provided
information on the evolution of these proteins.11 This has been
facilitated by the development of next-generation DNA
sequencing methods54 and the subsequent fall of the costs.
2.3.1. Origin of Fibrillar Collagen Genes. The α-chain of
fibrillar collagens has the same overall molecular architecture in
all metazoans, consisting of a variable N-propeptide region, a
major triple helical portion, and a terminal C-propeptide that
includes the characteristic COLF1 domain. In mammals, as
shown in Figure 2, four main N-propeptide configurations have
been described: a minor triple helix only; a minor triple helix
followed by a von Willebrand factor-type C domain (VWC); a
thrombospondin amino-terminal-like domain (TSPN); and a
TSPN module only.
In Porifera, the α-chains at the N-propeptide exhibit only the
two last configuration types; the α-chain of cnidarians
possesses a specific whey acid protein (WAP) module, or
Table 1. Enzymes Involved in the Synthesis of Collagens and Its Post-transcriptional Modificationsa
Enzyme Abb Functions Significance




Hydroxylates specific proline and lysine
residues
Promote triple helix formation and stability, generate




GT Transfers glucosyl and galactosyl residues to
the OH- groups of hydroxylysine
Generate suitable attachment sites for saccharides13
Oligosaccharyl transferase complex OTC Attaches saccharides to the glucosyl/
galactosyl groups
Promotes alignment of C-terminal and correct folding of
tropocollagen19
Protein disulfide isomerase PDI Promotes disulfide bonds in the nonhelical
regions
PDI is involved also in interfibrillar bond formation.20
Peptidyl-prolyl cis−trans-isomerase PPI Accelerates isomerization and protein
folding
aAbb, abbreviation.
Figure 2. Scheme representing the possible collagen N- and C-
terminal configurations of fibrillar collagens. “Fibrillar collagen
characteristics” by Exposito, J.-Y. Y., Valcourt, U., Cluzel, C., Lethias,
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WAP and von Willebrand A domain (VWA), in addition to a
minor triple helix in their N-propeptide.55 Molluscs are the first
group of marine invertebrates in which a VWC domain at the
N-terminal propeptide has been found. In echinoderms,
particularly in some sea urchins, a four-cysteine region (sea
urchin fibrillar module: SURF) is placed between the VWC
domain and the minor triple helix.11,56
At the genomic level the major triple helix region of fibrillar
collagen genes consists of exons that are 54 bp in length or
multiples of 54 bp or of 54 bp minus 9 bp;11 each exon starts
with a complete glycine codon and ends with an intact Yaa
codon. The identification of the first fibrillar collagen gene in
the sponge Ephydatia mülleri57 and the comparison of its exon/
intron organization with that of mammalian fibrillar collagen
genes suggested a model of the exon/intron organization of an
ancestral fibrillar collagen gene (Figure 3).
Vertebrate fibrillar collagens have been divided into three
clades based on ultrastructural and genetic data: (i) A clade,
including types I−III and the pro-α2(V) chain; (ii) B clade,
with pro-α1(V), pro-α3(V), pro-α1(XI), and pro-α2(XI)
chains; (iii) C clade, including type XXIV and XXVIII collagen
chains.11 This division, mainly based on the major triple helix
region, reflects also the N-terminal pro-peptide features; A
clade members, except pro-α2(I), have a VWC module, while
B and C clade members possess a TSPN domain. Through a
combination of multiple alignments of major triple helices and
a comparative analysis of exon-intron structure, it has been
revealed that the three fibrillar collagen clades of vertebrates
arose before the emergence of chordates, while the divergence
between ancestral A and B/C clade chains occurred very early
during metazoan evolution, before the divergence of the
poriferan and the eumetazoan lineages.11,55 These analyses also
indicated that B clade preserves the characteristic modular
structure present in higher metazoans, from sponges to
humans. The vertebrate α-chains present in this clade are
type V and XI. Since these collagen types are considered
essential for early fibril formation and fibril diameter
regulation,58 the high degree of conservation of the modular
organization of members of the B clade highlights their
functional importance. The sequencing of lower invertebrate
genomes has revealed that the number of predicted fibrillar
collagen sequences is greater in Porifera and Cnidaria than in
some protostomes (molluscs and annelids) and in the chordate
Ciona intestinalis.
2.3.2. Origin of Type IV Collagen and Spongin Short-
Chain Collagen Genes. As stated above, type IV collagen has
been found in all major lower metazoan groups. While in
vertebrates six genes coding for type IV α-chains have been
identified,59 only two gene copies have been identified so far
among most invertebrates as Cnidaria and Placozoa.60 The
greater number of type IV gene copies in vertebrates than in
invertebrates may be explained by a duplication event
occurring before the divergence of the higher phyla. However,
a recent study conducted on more than ten different species of
Ctenophora reveals that in this ancient phylum up to 20
collagen type IV genes are present.60
In some demosponge poriferans a family of short nonfibrillar
collagen types has been identified,61,62 which are characterized
by a collagenous domain formed by approximately 120 Gly-
Xaa-Yaa triplets provided with some interruptions and a C-
Table 2. Collagens with Unique Features from Marine Invertebrates
Phylum Type(s) Special features Localization





High elastic properties;48 very short and resistant collagen molecules49 Mesogloea
cnidocysts
Annelida Type III-like High denaturation temperature;50 very long fibrils51 cuticle
Mollusca n.a. Presence of silk-like domains52 distal byssus
Echinodermata I-like Long fibrils;53 labile, reversible and irreversible interfibrillar cross-links12 mutable
collagenous
structures
Figure 3. Schematic representation of the origin of the first ancestral fibrillar collagen. The gene originated by two rounds of duplications: after a
first multiple duplication event of a 54 bp unit, an unequal crossing over brought the introduction of a new 45 bp exon; finally, a new multiple
duplication event brought the first collagen gene structure.
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terminal noncollagenous NC1 region with similarities to those
of nematode cuticular collagen and the type IV collagen
family.63 These molecules have not been detected in
vertebrates, and many authors consider them constituents of
spongin, which is a component of the demosponge exoskeleton
and is involved in attachment to the substratum. Phylogenetic
studies and structural modeling analyses have resulted in a
model for the evolution of spongin short-chain collagen/type
IV collagen NC1 domains, which suggests that the ancestral
spongin short-chain collagen−-related/type IV collagen gene
duplicated at a stage prior to the common ancestor of the
Bilateria to produce daughter genes that evolved separately.
To date, the exact and complete molecular composition of
the spongin in Demospongiae is still unclear due to the great
biodiversity of this class, and its elucidation represents a real
challenge for the future. Some authors are skeptical about the
collagenous nature of spongin, especially with regard to the
keratose group included in the common bath sponges.64 On
the basis of the amino acid percentage composition, the low
glycine content suggests the existence of noncollagenous
spongin-specific proteins containing halogen groups. Anyway,
although the existence of some specific-spongin proteins
cannot be excluded due to the reduced size of the collagenous
domain compared to the noncollagenous N and C regions, it is
not possible to exclude the presence of the short nonfibrillar
type IV-related collagens in the spongin composition. In
conclusion, only a careful proteomic analysis of spongin will be
able to clear up any confusion on this issue concerning a
biomaterial that has considerable biotechnological potential.
For a comprehensive analysis of the potential of spongin as a
natural 3D biomaterial consult ref 65.
2.4. Mechanically Adaptable Collagenous Tissues.
2.4.1. Background. The mechanical properties of collagenous
tissues are generally stable within physiological time scales,
although they may change slowly during maturation and aging
and in response to long-term shifts in the patterns of force to
which they are subjected.66,67 A few exceptions are found in
mammals during early developmental stages68 and pregnancy69
when significant changes in mechanical properties occur with
time scales of hours to days. These events result from changes
in microstructural organization, biochemical composition, and
collagen cross-linking due to modification of the synthetic
activity of the stromal cells and of matrix metalloproteinase
(MMP) activity in the ECM.70−72 However, in nature there
are examples of peculiar mechanically adaptable collagenous
tissues that can rapidly (seconds to minutes) and reversibly
change their mechanical properties through adjustment of the
interactions between collagen fibrils; these are found in
members of the phylum Echinodermata.
2.4.2. Mutable Collagenous Tissues of Echinoderms. At
present the mutable collagenous tissues (MCTs) of
echinoderms are the best-characterized examples of “dynamic”
connective tissues, and their biochemistry, ultrastructure,
physiology, and biomechanics have been intensively inves-
tigated.73−81
MCTs can undergo extreme changes in their passive
mechanical properties, switching between stiff and compliant
conditions within a time scale of less than 1 s to a few minutes.
This phenomenon, called “variable tensility” or “mutability”,
relies completely on changes in the cohesive forces between
adjacent collagen fibrils rather than changes in the fibrils
themselves, and it is strictly regulated by the nervous system.
This mechanism has been recently confirmed at the nanoscale
level by synchrotron small-angle X-ray diffraction, during in situ
testing.79 This provided, for the first time, a direct view of the
phenomenon, particularly of the ultrastructural and mechanical
changes as they occur in real time.
MCTs occur in all echinoderm classes, are present at
different anatomical locations (dermis, ligaments, etc.), and
play a key role in different aspects of echinoderm biology
including autotomy, asexual reproduction, and energy-sparing
postural control.12 As such, they are considered a distinctive
feature of this animal phylum.
Each MCT structure can exhibit one of three patterns of
change in its passive tensile properties: reversible changes
alone; irreversible destabilization alone; and both reversible
changes and irreversible destabilization.12,82 Certain MCT
structures can also generate tensile force: in some cases, this
might be partially ascribed to the presence of fine muscle fibers
distributed between the bundles of collagen fibrils, but where
there are no muscle fibers, as in the cirral, stalk, and brachial
ligaments of crinoids, this hypothesis can be firmly
excluded.83−85
From a structural point of view, the extracellular matrix of
almost all mutable collagenous structures is dominated by
assemblages of spindle-shaped collagen fibrils, which exhibit a
morphological variability comparable to that shown by
vertebrate connective tissue structures.86−88 The spindle-like
shape of the fibrils modulates the stress uptake through a
uniform distribution of stress throughout the fibril.89 FT-IR
and confocal Raman microscopy analyses indicated that MCTs
are mainly composed of collagen fibrils structurally similar to
mammalian type I collagen, although other types of collagen
are probably also present in the tissue.81 This is consistent with
what normally is found in most mammalian connective tissues
where heterotypic collagen fibrils are frequently found in the
dermis, cornea, and ligaments.24 Molecular data on gene
sequences and gene organization indicate that at least some
echinoderm collagen polypeptides are evolutionarily close to
those of vertebrate fibrillar collagens,11 although homologies
are relatively low (35−60%77).
The mechanical properties of single collagen fibrils from a
sea cucumber have been characterized; these indicate that the
fibrils contribute to the fast viscoelastic behavior of MCTs,
with other tissue components providing the longer-duration
viscous behavior and relaxation time.90,91
In both mutable and nonmutable collagenous structures of
echinoderms, collagen fibril bundles are delimited by loose
networks of hollow microfibrils 10−14 nm in diameter.41
These can be aggregated into fibers or sheets but most often
form loose sheaths around bundles of collagen fibrils. They
resemble the fibrillin-containing microfibrils of mammalian
connective tissue and may confer elasticity on MCTs,40,92 thus
promoting the recovery of the tissue to its original resting-
condition dimensions following deformation.12 There is no
evidence that they are directly involved in the variable tensility
of MCTs.
Proteoglycans (PGs) and other glycosaminoglycan (GAG)-
containing molecules are present on the surface of the collagen
fibrils and may have a role in variable tensility by acting as
binding sites for the effector molecules responsible for
interfibrillar cohesion.12
Potential effector molecules that are involved in the
regulation of MCT tensility include the proteins stiparin and
tensilin, the fibril-aggregating activities of which are modified
by a variety of specific inhibitors. Trotter and co-workers93
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demonstrated that stiparin, the most abundant soluble
glycoprotein in the dermis of the holothurian Cucumaria
f rondosa, causes in vitro calcium-independent aggregation of
collagen fibrils but has no effect on the mechanical properties
of the intact dermis.94 The putative stiparin inhibitor is a 62
kDa sulfated glycoprotein that binds stiparin but not collagen
fibrils.95 Tensilin (also known as a “stiffener”) is the most
extensively studied MCT effector. It has been isolated from the
dermis of different sea cucumber species, and the tensilin gene
of one of these has been fully sequenced.73,96 Like stiparin,
tensilin causes aggregation of isolated collagen fibrils but it also
stiffens the intact inner dermis, with both effects being calcium-
independent.94 Tensilin promotes limited dermal stiffening
(from the “compliant” to the “standard” state73), whereas
another molecule induces maximal stiffening (from the
“standard” to the “stiff” state).74 Recently a tensilin-like gene
was found in the genome of the sea urchin Strongylocentrotus
purpuratus, but its relatively low homology97 and the lack of a
marked stiffening effect of the recombinantly produced
protein78 suggest that the molecular mechanism underpinning
MCT stiffening may not be evolutionarily conserved across the
Echinodermata. Regarding MCT destiffening, softenin is a
protein that increases the compliance of the holothurian body
wall, possibly by inhibiting cross-bridge formation between
collagen fibrils.98
It has also been suggested that MMPs have a role in the
mutability phenomena, in view of the homology between
tensilin and tissue inhibitors of metalloproteases (TIMPs),
which are important modulators of MMPs involved in
extracellular matrix remodeling in vertebrates.96 The effects
of a synthetic MMP inhibitor, galardin, on the mechanical
properties of sea urchin ligaments in different mechanical
states provided evidence that MMP-like molecules may
contribute to MCT variable tensility.76 It is well-known that
one mammalian TIMP (TIMP-3) binds strongly to the
extracellular matrix via a GAG-binding site,99 as does tensilin.
This similarity and the involvement of MMPs and TIMPs in
the mechanical changes undergone by female mammalian
reproductive tract collagenous tissues indicate that the
mechanism underpinning MCT mutability could have evolved
from a MMP-TIMP system.
Although the mutability of echinoderms connective tissues
has no equal in terms of extent and time scale, among
invertebrates there are other examples of “dynamic tissues”.
The body of marine sponges belonging to the class
Demospongiae consists mainly of a collagenous mesohyl,
which can undergo reversible changes in stiffness.100,101 This
mechanical adaptability has been characterized most thor-
oughly in Chondrosia reniformis.46,101−103 It appears that, like
echinoderms, this sponge is able to change the mechanical
properties of its connective tissue (between standard,
compliant, and stiff states) by actively modulating collagen
fibril interactions.46,101,103 It has been observed that changes in
the mechanical state are not accompanied by changes in
collagen fibril morphology but that fibrils are packed more
loosely when the mesohyl is in a compliant state and more
densely in the stiff state.104,105 Both stiffening and destiffening
are under cellular control, with at least the former being
regulated by calcium ions and other factors that interact
directly with collagen fibrils.46,103,105 While stiffening has a
similar reaction speed to equivalent phenomena observed in
echinoderm MCTs, mesohyl destiffening from the stiff to the
standard condition is slower and probably regulated by an
enzyme that degrades stiffening factors. As yet, little
information is available on reversible destiffening from the
standard to the compliant state.
Certain hydrozoan cnidarians have the capacity for
autotomy, which may have a role in asexual reproduction
and dispersal106,107 or defense.108 On the basis of morpho-
logical and neurophysiological data, it has been proposed that
detachment of the tentacles in a hydromedusan may depend
on cell-invoked weakening of the collagenous mesogloea at the
autotomy plane.108 This intriguing possibility needs to be
investigated with further studies, including mechanical testing
methods.
3. PRODUCTION OF MARINE COLLAGENS
3.1. Background. Collagens can be extracted in the native
conformation as intact fibrils or in the form of solubilized
collagen molecules (tropocollagen). While in the native
collagens the triple helix conformation is fully preserved,
gelatin, a product derived by the irreversible and partial
hydrolysis of collagen molecules, is characterized by the
presence of random coil regions. Another class of collagen-
derived molecules is represented by collagen peptides, which
are small fragments obtained from the hydrolysis and
enzymatic cleavage of the collagen chains.
3.2. Current Sources: Animals from Natural Stocks.
Collagens and collagen-derived molecules (CDMs) from many
marine species have been extracted and have been charac-
terized to differing extents. Sponges, cnidarians, molluscs,
echinoderms, and especially fish have been the main sources
explored.
Species used as natural resources can be classified as being
(a) abundant and sustainable;
(b) not abundant (or widely distributed but not presently
exploitable due to their low density) but with the
potential to be sustainably farmed in greater numbers;
(c) not abundant and with little potential for exploitation
(e.g., due to conservation concerns or because this
would be too expensive).
According to which category a species falls into, and
according to the general properties of the collagen extracted
from it (which also depends on the biology of the species), it is
possible to predict potential uses of its collagen.109 On the
other hand, taxa can be specifically targeted in order to obtain
collagen for a specific application. For example, it would not be
appropriate to investigate the properties of gelatin obtained
from a nonabundant species, while it would be sensible to
characterize the properties of native collagen if there were clues
that it possessed unique properties that made it suitable for
high value-added products. In other words, to meet industrial
demands, research must be driven by the likely economic costs
associated with extraction and purification of the material and
the possible added value of products that must compete in the
marketplace. The added value of collagen and CDMs is strictly
related to their final applications and varies from 2000 to 4000
€/ton for fish gelatin used as an additive in the food industry to
2000 €/g for native rat-tail type I collagen (Gibco) used in cell
culture. It is also remarkable that, besides the 106 difference in
price, there are also major differences in traded quantities: the
global gelatin market was around 620.6 kilotons in 2019, with
fish-derived gelatin accounting for 1% of this. As the gelatin
demand for food and the pharmaceutical industries is
increasing, the global market is expected to reach 6.7 billion
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USD by 2027.110 This shows that there is a very large market
for fish-derived gelatin, which is obtained from abundant but
low-value sources, such as fish byproducts, which has
enormous growth potential, especially since it can be used
by individuals who are allergic to porcine or bovine gelatin and
in general it does not conflict with religious restrictions.111,112
The target price for marine-derived gelatin has been calculated
recently to be less than 100 USD/kg for the food industry.8
Information on the ten most exploited fish species and two
most exploited mollusc species, which are all valuable and
price-competitive sources of gelatin/CDMs, is provided in
Table 3.
The market demand for native collagen is quite small in
comparison with that for gelatin, but it is generally associated
with high value-added products for medical applications where
the quality and the properties of the materials must fall within
strict parameters. Species that are less abundant or less
exploited but possess collagens with specific features can be
regarded as a possible source, if the advantages of the materials
make them competitive with other already established
products or if they can generate innovative products with
improved characteristics.113,114
3.3. Current Sources: Animals from Aquaculture. The
scope for using farmed species for the extraction of native
collagen with interesting properties is expanding rapidly, since
both the number and the productivity of farmed species have
increased in recent years (FAO, 2018). Farming marine
organisms might be a promising way to overcome some
constraints related to the sustainability and batch variability of
collagen sources. Farmed animals are bred in a confined
environment in which the ability to control and eventually
modify (in the case of inshore facilities) physicochemical
parameters could result in more homogeneous and safer
collagens. Furthermore, through a selective breeding strategy
and sterile hybrid production (see for instance ref 115), it
might be possible to select animals that have advantageous
characteristics (e.g., high collagen extractability, less pigmenta-
tion, less fat) that reduce extraction and purification costs and
eliminate the risks of introducing alien species into the
environment.
While fish aquaculture has been a long-standing and well-
established source of collagen, in recent years there have been
developments in the farming of other invertebrate taxa. Among
those the case of the Japanese sea-cucumber Apostichopus
japonicus is particularly interesting, as it might be a sustainable
source of mechanically adaptable collagenous biomaterials
(FAO, 2018). Pilot offshore farms for sponges that are
considered good collagen sources (i.e., Chondrilla nucula and
Chondrosia reniformis) have obtained promising results and
might in the future overcome the problem of natural stock
overexploitation.116 Cnidarians, which are another source of
unique collagens for tissue engineering,113 can also be farmed
in a fully controlled environment.114
3.4. Collagen Extraction Methods. 3.4.1. Acidic Ex-
traction. Fibrillar collagens, mainly types I, II, III, and V, are
generally extracted using acidic treatments after most of the
noncollagenous molecules have been washed out or degraded.
Both diluted inorganic (hydrochloric) and organic (lactic,
citric, chloroacetic, and acetic) acids can be used to solubilize
collagen; however, acetic acid is by far the most commonly
used.117 The mechanism is based on the increasing repulsion
forces between tropocollagen chains in acidic conditions that
result in solubilization of the less cross-linked collagens; the
fraction obtained is composed of acid-soluble collagen (ACS).
The density and the type of cross-links between collagen fibrils,
which depend on the age of the specimen and the tissue, are
thought to influence the extractability of collagens.78 Where
acidic extraction methods show low efficiency, further
enzymatic procedures, mainly based on pepsin treatment, can
be used to increase the extraction yield; these methods are
used directly on the tissues or after an initial acid treatment
and yield pepsin-soluble collagens (PSC). Enzymatic treat-
ments remove the telopeptides that are responsible for more
acid-stable links between different tropocollagen chains. These
treatments do not affect the nonhelical region and have the
added advantage of digesting coextracted contaminant
proteins.
Another option that is both innovative and “green” is
supercritical fluid extraction (SCF). In SCF water pressurized
and acidified with CO2 promotes collagen/gelatin solubiliza-
tion from the tissues.118 Although this is a new method for
extracting collagen from marine organisms, promising results
have already been reported in the literature, e.g. extraction
yields of 50% collagen/gelatin from marine sponges.118 The
most attractive aspects of this approach are the relative
simplicity of the process; the good yield; the possibility to scale
up the process easily; and a significant reduction in costs, given
that organic solvents are not required.118
3.4.2. Nonacidic Extraction. As described in the previous
section, most fibrillar collagens are extracted by using acidic
treatments to solubilize the fibrils into their tropocollagen
units. There are, however, many cases where extraction in
acidic conditions, with or without proteolytic enzymes, is not
necessary or results in very low yields (see for instance ref 45).
This applies to the mechanically adaptable collagenous tissues
of sponges and echinoderms (see section 2.4.2 above), from
which intact native collagen fibrils can be extracted using mild
buffers.45,103,119,120 Matsumura and co-workers120 first de-
scribed the extraction of intact collagen fibrils from
Table 3. Most Fished Species in the Seasa
Scientific name Common name Megatons Caching trends/notes
Theragra
chalcogramma









Skipjack tuna 2.8 Increasing
Sardinella spp. Sardinella 2.6 Stable/unstable according
to the species













Yellowfin tuna 1.5 Stable/small fluctuations





1.3 Fluctuating but rather
stable
Dosidicus gigas Jumbo flying
squid





aData obtained from FAO datasets (FAO, 2018). Values are in
megatons/year. Trends refer to the period 2000−2016.
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echinoderms using a solution containing NaCl, Tris-HCl,
EDTA, and 2-mercaptoethanol (pH 8), and this method has
been applied with minor modifications to other echino-
derms53,78,93,121 and to the sponge C. reniformis.103 The mode
of action of this solution is not yet clear, but in view of the
presence of a divalent ion chelator (EDTA) and disulfide bond
reducing agent (2-mercaptoethanol), it can be assumed that
the interfibrillar linkage depends at least partly on labile
disulfide bonds and other molecules that require the presence
of calcium or magnesium ions.
Other techniques for extracting intact collagen fibrils using
neutral buffers and mild mechanical force have been applied to
the sponge C. reniformis,45,122 cnidarians,123 and molluscs.38
Although the extraction of intact collagen fibrils from adult
vertebrates is very difficult,124−126 this can be easily achieved in
chicken embryos since the collagen is immature and less cross-
linked.68 This shows that the extractability of collagen, either as
single monomers or as intact fibrils, depends largely on the
nature of the bonds that hold the collagen fibrils together.
3.5. Recombinant Production. Recombinant techniques
offer an alternative method for producing collagens with high
biotechnological potential. These techniques can be applied to
marine organisms that are rare and/or difficult to breed. The
production of collagen in recombinant form offers different
advantages: it is more homogeneous, is free of toxic
compounds, is easily scalable, and has fewer batch-to-batch
variations. Due to collagen post-translational modifications, the
yeast eukaryotic model has proved to be a suitable expression
system in terms of yield/cost ratio.127 With few exceptions,128
yeast lacks endogenous prolyl-4-hydroxylase activity and fully
hydroxylated human collagen type III has been produced in
the methanotrophic yeast Pichia pastoris using a complex triple-
transformed strain, which included human type III collagen
and the alpha and beta subunits of prolyl-4-hydroxylase
genes.129 Therefore, besides the collagen coding sequence,
this approach requires knowledge of the enzymes involved in
post-translational modifications. Recently, the cDNA cloning
of a spongin nonfibrillar collagen62 and prolyl-4-hydroxylase
enzyme130 from the marine sponge C. reniformis has made it
possible to obtain a P. pastoris strain that is able to produce
hydroxylated marine collagen polypeptides.131
However, the recombinant production of stable marine-
derived triple-helix collagens still faces some limitations, with
the major one being the lack of knowledge of the α-chain
composition. Although there has been significant progress in
the sequencing of collagen genes from many marine
organisms,54 the biochemistry of collagens has not yet been
completely elucidated. Obtaining stable triple helices of marine
collagens in recombinant form can be a real challenge, since
frequently the exact alpha chain composition of the original
collagens is not fully known. Often a chain involved in the
formation of a collagen heterotrimer can assemble as
homotrimers. In addition, long unfolded polypeptides with
repeated sequences have an innate tendency to form insoluble
aggregates.132 The introduction of some form of chemical
modification of the α-chain, such as the addition of disulfide
bonds133 or the use of engineered α-chains combined with
specific sequences that improve the triple helix formation,134
could help to overcome these limitations.
The recombinant production of short marine collagen
peptides or nontriple helical collagen α-chains is less
complicated. They do not need any post-translational subunit
assembly inside the host cells and can be purified easily in large
amounts by chromatographic methods, as described for the
α1(IV) C-terminal domain of the mollusc Haliotis tuber-
culata.135
4. BIOTECHNOLOGICAL USES OF MARINE
COLLAGENS
4.1. Main Uses of Native Marine Collagens. While
there are several reported applications for marine-derived
gelatin and collagen peptides (see refs 111 and 136−138), so
far there are fewer industrial uses for native collagens, which
comprise basically fibrillar types I and II and the nonfibrillar
type IV. Native collagen products are still derived mainly from
mammalian sources (cattle, pigs, and rats), even though marine
collagens cause fewer immunological problems.139,140 This
disparity between the exploitation of marine and nonmarine
collagens is expected to decrease in the future, since the study
of marine collagens for biotechnological applications has
dramatically increased during the past decade or so.8 In fact,
initially the studies focused on the extraction and character-
ization of collagens from different marine organisms, with
potential application being barely suggested, but lately several
authors have been addressing particular applications for marine
collagens, namely in health and well being areas, looking for a
particular performance or simply as replacements for collagens
from traditional sources.138,141,142
Marine collagens from various fish and sponges are already
used in the pharmaceutical and cosmeceutical industries due to
their good antioxidant and moisturizing properties.143,144
Collagen extracted from salmon and codfish skins has proven
to be suitable for dermocosmetic applications, which may
constitute a platform for the biotechnological valorization of
fish byproducts.144 C. reniformis collagen is used in
cosmeceutical skincare products.145 The developed skincare
products are intended to protect, or enhance recovery, from
damage caused by solar UV radiation, dry skin syndrome, and
aging.145−149
One emerging field of biotechnology in which marine
collagen could play an important role is tissue engineering and
regenerative medicine (TERM).141 TERM aims to combine
materials and cells to improve, restore, or replace tissues and
organs. Collagens, which comprise the major component of
cellular scaffolding, are biocompatible, are biodegradable, and
present different bioactive sites.16,148 They are considered to
be ideal materials for tissue engineering, having good native
mechanical properties and being suitable for different
processing techniques such as freeze-drying and 3D bioprint-
ing.150−152
Marine collagens have been used, alone or in combination
with other materials, to develop a wide range of biomedical
applications such as porous scaffolds, membranes, nano-
particles, and hydrogels, aiming at both soft and hard
tissues.142,153−158 Cartilage tissue engineering is a challenging
field in which marine collagens have been proving to be of
valuable biomedical applicability. Porous collagen hydrogels
from shark skin have allowed a chondrocyte-like cell line to
adhere and proliferate and even support temporary chondro-
genic differentiation.153,159 Jellyfish collagen can also be used
as a tool for cartilage tissue engineering, either as an implant in
combination with human stem cells and growth factors or as an
enzymatically reticulated injectable hydrogel.160,161
Bone tissue engineering (BTE) has also benefited from
recent biotechnological developments employing marine
collagens from various sources. Scaffolds composed of sea
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urchin collagen and calcium phosphates are potential
candidates for scaffolds for BTE,154 with similar composites
being reported using fish collagen in combination with
hydroxyapatite, studied as templates for culture of bone
cells.162,163 Besides, biocomposite scaffolds combining jellyfish
or fish scales collagen and chitosan have also been produced
and studied from a bone regeneration perspective.164,165 A
different concept to tackle this issue employs a biomimetic
mineralization approach using shark collagen to fabricate 3D
printable cell-laden hydrogels, which has been designed for
engineering hard mineralized tissues.166
The fields of skin regeneration and wound healing have also
advanced with the investigation on the biomedical potential of
marine collagens and collagen peptides. Sea urchin collagen-
based scaffolds functionally mimicking the epidermal layer
were developed and present an eco-friendly and economically
sustainable biomaterial for tissue regenerative medicine.167
Tilapia collagen has also been found to have different
applications in the TERM field, including the development of
hydrogels and biomimetic electrospun collagen nanofibers for
wound dressing, which accelerated wound healing, as well as a
bioactive ingredient for biomaterials used in alveolar bone
regeneration.168−171 Collagen peptides from fish and jellyfish
were shown to have therapeutic potential by enhancing the
wound healing process.172,173 In addition, fish collagen is
promising in a wide range of biomedical applications, from the
development of in vitro 3D bioprinted drug screening models
to drug delivery.174,175
Regarding C. reniformis, it is possible to adapt the collagen
extraction procedure to alternatively improve the mechanical
properties or antioxidant performances of the derived
biomaterials, which also proved to be suitable for biotechno-
logical applications.155 C. reniformis collagen type IV
membranes have been developed for epithelial repair,
regeneration, or replacement,176 and microparticles derived
from collagen of this marine sponge were prepared as dermal
delivery systems.156 Under the scope of marine sponges’
collagens, other species have also been addressed and scaffolds
to support bone formation have been developed employing
marine sponge collagen alone and in combination with growth
factors, as well as incorporating hydroxyapatite ceramic
structures.177−179
Biotechnological companies employing marine collagen in
the TERM field are arising, based on marine sponge, jellyfish,
or fish collagen, proposing biomedical applications such as
particles for the delivery of compounds and implantable
sponges and membranes, which are prototype medical devices
for wound healing and regeneration of other soft
tissues.156,180,181 These few examples demonstrate the
versatility and importance of this marine origin protein as
biomaterial.
For a more detailed description on marine collagen
applications in the biomedical field see refs 126, 138, 141,
142, 182, and 183
The main drawback of using collagen in these applications is
the need to stabilize the extracted molecules to confer
adequate mechanical and molecular stability on the final
constructs. To overcome this problem, several different
approaches, based on physical, chemical, or enzymatic
processes have been developed and are summarized in Table 4.
4.2. Bioinspired Uses of MCT-Derived Collagen.
Echinoderm MCTs are a promising source of native fibrillar
collagen and bioinspired smart collagenous materials. A range
of echinoderm species have been explored as potential sources
of collagen.84,128−130,196−199 Among these, the edible sea
urchin Paracentrotus lividus has been proposed as a sustainable
and low-cost source, since intact collagen fibrils can be easily
extracted from byproducts of these animals’ food indus-
try.130,200 This would counterbalance the relatively low amount
of collagen that can be obtained from each animal. Also, the
crown-of-thorns starfish Acanthaster planci, whose outbreaks
are a major cause of coral reef degradation, has been used for
collagen extraction.201 The collection and use of these animals
as a source of collagen would seem a more ethical way of
controlling their abundance than increasingly refining methods
for destroying them in situ.202,203 Additionally, the size of this
species (among the biggest starfish) results in relatively high
yields of collagen. In terms of sustainability, sea cucumbers also
offer a good opportunity of exploitation, as several species are
routinely cultured.204,205
Recently, different protocols for the extraction and
purification of collagen from MCT structures have been
validated with a view to obtaining highly concentrated fibrillar
collagen suspensions for the production of marine-inspired
biomaterials for TERM applications.130,200 As previously
underlined, the ultrastructure and biochemistry of most
echinoderm collagen fibrils resemble those of mammalian
type-I collagen.12,13,76,84,128−130,206−208 In contrast to reas-
sembled mammalian-derived collagen fibrils,209 echinoderm
fibrils extracted in their native conformation display unim-
paired ultrastructural and mechanical properties, while
preserving their D-period-associated glycosaminoglycan deco-
ration along the fibril length.84,95,130,199,210 The maintenance of
fibril integrity immediately after extraction and fibril stability in
different media is an advantageous feature of these collagens,
which facilitates their use in the production of biomaterials for
Table 4. Crosslinking Strategies Used to Increase the Stability of Native Collagens
Principle Methods Main advantages Main drawbacks ref
Physical DHT No toxic residues Can denature collagen 184
UV/gamma ray No toxic residues, fast, decrease enzymes
sensitivity
Only for thin structures 184





Easy, tunable mechanical properties Toxic residues 186−190
Genipin Fast, simple control of cross-linking degree,
requires low concentrations





Polyanionic chitosan No toxic residues, easy Less strong 192, 193
Enzymatic cross-link Transglutaminase No toxic residues More expensive 194
Combined Riboflavin/UV A Used in vivo (ophthalmology) Depends on light penetration depth 195
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Table 5. Overview of Marine Sources of Native Collagensa
Species Extraction method(s) Collagen type Source DT (°C) ref
Marine bony fish
Katsuwonus pelamis ASC/PSC I Skull, spines 16−18 215
Theragra chalcogramma ASC I Skin 24.6 216
Gadus morhua PSC I Bones 14.4 217
Thunnus albacares ASC/PSC I Swim bladder 33/34 218
Thunnus alalunga ASC/PSC I Skin 32.2/31.6 219
Pomadasys kaakan ASC/PSC I Skin 34/33.8 219
Pleurogrammus azonus PSC I Skin 15 220
Lagocephalus gloveri ASC I Skin 28 221
Takifugu rubripes ASC/PSC I Skin 28.5 222
Priacanthus tayenus PSC I Skin 31.5 223
Pogonia cromis PSC I Bones, scales 34.5/35.3 224
Archosargus probatocephalus PSC I Bones, scales 34.4/33.6 224
Merluccius hubbsi ASC I Skin 10 225
Sebastes mentella ASC/PSC I Skin 16.1/15.7 226
Lutjanus vitta ASC/PSC I Skin 30.5 227
Parupeneus heptacanthus ASC/PSC I Scales 41.5/41 228
Evenchelys macrura ASC/PSC I Skin 39/35 229
Aluterus monocerous PSC I Skin 29−31 230
Salmo salar PSC I Skin 18.4 231
Oreochromis niloticus ASC/PSC I Skin 34.5/30 232
Marine cartilaginous fish
Chiloscyllium punctatum ASC/PSC I/II Cartilage 36.2/34.7 233
Carcharhinus limbatus ASC/PSC I/II Cartilage 36.7/35.9 233
Raja kenojei PSC I/V/XI Skin 28.8 234
Carcharhinus albimarginatus ASC/PSC II Cartilage 30/31.5 235
Scyliorhinus canicula ASC I Skin n.a. 153
Echinoderms
Anthocidaris crassispina PSC I Test (shell) 28 198
Apostichopus japonicus PSC (α1)3 Body wall n.a. (57*) 236
Stichopus vastus PSC (α1)3 Integument 21.2 237
Stichopusmonotuberculatus PSC (α1)3 Body wall 30.2 199
Holothuria parva PSC (α1)3 Skin 32.5 238
Bohadshia spp PSC (α1)3 Body wall n.a. 239
Acanthaster planci PSC I-like Body wall 33 201
Asthenosoma ijimai PSC ? Test 23.1 240
Asterias amurensis DS + PD I-like Body wall n.a. 196
Paracentrotus lividus DS I Peristomial membrane n.a. 121
Parastichopus californicus PSC I-like Skin/connective tissue 18.5/17.5 241
Mollusc
Sepia lycidas ASC/PSC I Outer skin 27 242
Argonauta argo ASC/PSC I Outer skin 27 243
Todarodes pacif icus ASC I Inner/outer skins 27.3/27.1 244
Callistoctopus arakawai PSC α1α2α3 Arm 28 245
Illex argentinus ASC/PSC I Skin 23.2/31.5 246
Dosidicus gigas ASC n.a. Mantle n.a. 247
Haliotis tuberculata MD IV Hemocytes n.a. 125
Sepia of f icinalis ASC/UE I-like, V Dermis n.a. 38
Crustaceans
Scylla serrata PSC V Muscles 30.2/27.8 248
Penaeus indicus PSC V Muscle 37 249
Annelids
Alvinella pompejana ASC n.a. Cuticle 45 250
Alvinella caudata ASC Cuticle 46
Alvinella grasslei ASC Cuticle 35
Arenicola marina ASC Cuticle 28
Nereis diversicolor ASC Cuticle 29
Alvinella pompejana PSC Body wall 46
Alvinella caudata PSC Body wall 44
Alvinella grasslei PSC Body wall 34
Arenicola marina PSC Body wall 28
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a wide range of applications. Echinoderm collagen has been
proposed as a potential alternative to mammalian-derived
collagen for both cell culture130 and human health applications,
such as Guided Tissue Regeneration.200 Results obtained so far
suggest that echinoderm-derived collagen membranes
(EDCMs) could be promising tools for biomedical/clinical
purposes, e.g. as barriers to avoid postsurgical tissue adhesion
and wound dehiscence, or for tendon/ligament repair and
dermis reconstruction. The high mechanical resistance to
uniaxial tension (stiffness) and thin membrane thickness (up
to 15 μm) of this biomaterial also provide benefits, such as
desirable handling properties during surgical procedures, steric
hindrance in the wound, and postsurgery resistance. It is
notable that these EDCMs have a 20-fold higher mechanical
resistance than commercially used bovine collagen membranes.
They exhibit no cytotoxicity to mammalian cells, specifically
horse-derived mesenchymal stem cells130 and human skin-
derived fibroblasts,200 which further confirms their potential
usefulness for biomedical applications.
The adaptable mechanical properties of MCTs have
stimulated ideas for synthetic “smart biomaterials”,211 which
require the development of reagents that can mimic cross-links
between collagen fibrils in order to obtain chemically
controlled composite biomaterials with dynamically controlled
stiffness. A mechanically adaptable sea cucumber dermis has
also inspired the development of stimulus-responsive polymer
nanocomposites that could be used as substrates for
implantable microelectrodes.212 The peptides that regulate
MCT mechanical properties in vivo (see section 2.4.2) are
another target of investigation for potential therapeutic or
cosmetic benefits, although there is no evidence that they have
any effects on nonechinoderm tissues yet.
4.3. Uses of Intact Collagen Fibrils. Due to their
interesting mechanical properties (discussed in section 3.4.2),
collagen fibrils derived from the marine sponge C. reniformis
were isolated using four different extraction methods and their
ability to form thin membranes was tested. It was
demonstrated that treatment of sponge tissue with a low
concentration of trypsin followed by extensive water extraction
was the most adequate method to obtain intact collagen fibrils
suitable for producing antioxidant, biocompatible, and resistant
membranes for TERM applications, achievable even without
the need of any cross-linking reaction.155 Using the same
extraction method, an extract of C. reniformis intact fibrils was
used to produce collagen hydrolysates which proved to have
antioxidant, wound-healing, and photoprotective properties.149
Furthermore, intact collagen fibers derived from the soft
coral Sarcophyton, obtained by mechanical extraction without
the use of any acid or enzyme, have proven to be a suitable
material for biomedical applications due to their biocompat-
ibility and good mechanical properties.213 These unique
collagen fibers can be used as scaffolds for tissue regeneration
in support of the healing process, enabling the cell migration
and new blood vessel formation needed for tissue repair.214
5. CONCLUDING REMARKS
Collagen is an abundant natural polymer that has been used in
both its native and denatured forms in a wide range of
applications. Marine collagens from a range of phyla have been
successfully extracted and characterized. However, teleost fish
and their industrial byproducts represent the most exploited
sources, and it is only recently that other taxa have been
investigated intensively as potential sources of collagens with
special features. Marine invertebrates are highly diverse, and
although many of their collagens have been found to have
interesting properties, few have been investigated in detail. A
particular example is the case of collagens from animals with
unusual connective tissue physiology, particularly those of
echinoderms. These collagens have been identified and studied
from the biochemical point-of-view, aiming to understand the
mechanism governing the dynamic behavior observed, but
their full potential has not been further explored. Elucidating
the mechanisms underpinning the mechanical adaptability of
Table 5. continued
Species Extraction method(s) Collagen type Source DT (°C) ref
Annelids
Nereis diversicolor PSC Body wall 33
Rif tia pachyptila ACS n.a. Cuticle 37 51
Cnidarians
Rhopilema asamushi PSC II Mesogloea 28.8 251
Chrysaora quinquecirrha ASC/PSC n.a. Whole, nematocysts 29 252
Cyanea nozakii ASC/PSC (α1)3 Umbrella 23.8 253
Rhizostoma pulmo ASC/PSC I Umbrella, oral arms 28.9 254
Cotylorhiza tuberculata ASC/PSC (α1)3 Umbrella, oral arms n.a.
Aurelia aurita ASC/PSC (α1)3 Whole n.a.
Pelagia noctiluca ASC/PSC (α1)3 Whole n.a.
Catostylus mosaicus ASC I Whole n.a. 255
Stomolophus nomurai meleagris PSC n.a. Mesogloea n.a. 256
Sponges
Chondrosia reniformis DS n.a Mesohyl n.a 103
Chondrosia reniformis HM I Mesohyl n.a 45
Chondrosia reniformis BS/AP n.a Meshoyl n.a 176
Ircinia fusca BS/AP I Whole n.a 257
Ircinia fusca BS/AP IV Whole n.a 257
aThe focus was mainly on sources that are considered byproducts of fisheries or species that are of low or no commercial interest. Exceptions were
considered when the collagens have particularly interesting or unusual properties. ASC, acid-soluble collagen; BS/AP, basic solubilization/acidic
precipitation; DT, denaturation temperature; DS, disaggregating solution; MD, molecular data; PD, pepsin digestion; PSC, pepsin-soluble collagen;
UE, urea extraction; *, melting point.
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echinoderm MCTs and other mechanically adaptable
collagenous tissues could shed light on different pathologies
affecting human connective tissue and could lead to biomedical
advances, such as collagenous constructs with controllable
properties. In this regard, while the study of fish collagen can
open the door for its use as an alternative to mammalian
collagen, invertebrate collagen can enable a step further, with
its unique characteristics supporting the development of smart
biomaterials and exploring new functionalities.
The identification of biotechnological applications for the
diverse and largely unexplored abundance of invertebrate
collagens will require the cooperation of experts in marine
biology, biotechnology, and the clinical sciences. The oceans
are immense and realizing their potential for benefiting human
well-being demands a correspondingly ambitious program of
collaborative research. To emphasize these points, an overview
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(59) Pöschl, E.; Pollner, R.; Kühn, K. The Genes for the Alpha 1(IV)
and Alpha 2(IV) Chains of Human Basement Membrane Collagen
Type IV Are Arranged Head-to-Head and Separated by a Bidirec-
tional Promoter of Unique Structure. EMBO J. 1988, 7 (9), 2687−
2695.
(60) Fidler, A. L.; Darris, C. E.; Chetyrkin, S. V.; Pedchenko, V. K.;
Boudko, S. P.; Brown, K. L.; Gray Jerome, W.; Hudson, J. K.; Rokas,
A.; Hudson, B. G. Collagen IV and Basement Membrane at the
Evolutionary Dawn of Metazoan Tissues. eLife 2017, 6 (24176).
DOI: 10.7554/eLife.24176.
(61) Exposito, J. Y.; Ouazana, R.; Garrone, R. Cloning and
Sequencing of a Porifera Partial CDNA Coding for a Short-Chain
Collagen. Eur. J. Biochem. 1990, 190 (2), 401−406.
(62) Pozzolini, M.; Bruzzone, F.; Berilli, V.; Mussino, F.; Cerrano,
C.; Benatti, U.; Giovine, M. Molecular Characterization of a
Nonfibrillar Collagen from the Marine Sponge Chondrosia
Reniformis Nardo 1847 and Positive Effects of Soluble Silicates on
Its Expression. Mar. Biotechnol. 2012, 14 (3), 281−293 and others.
(63) Johnstone, I. L. Cuticle Collagen Genes: Expression in
Caenorhabditis Elegans. Trends Genet. 2000, 16 (1), 21−27.
(64) Ehrlich, H.; Wysokowski, M.; Zółtowska-Aksamitowska, S.;
Petrenko, I.; Jesionowski, T. Collagens of Poriferan Origin. Mar.
Drugs 2018, 16 (3), 79.
(65) Jesionowski, T.; Norman, M.; Zółtowska-Aksamitowska, S.;
Petrenko, I.; Joseph, Y.; Ehrlich, H. Marine Spongin: Naturally
Prefabricated 3D Scaffold-Based Biomaterial. Mar. Drugs 2018, 16
(3), 88.
(66) Buchanan, C. I.; Marsh, R. L. Effects of Exercise on the
Biomechanical, Biochemical and Structural Properties of Tendons.
Comp. Biochem. Physiol., Part A: Mol. Integr. Physiol. 2002, 133 (4),
1101−1107.
(67) Silver, F. H.; Freeman, J. W.; Seehra, G. P. Collagen Self-
Assembly and the Development of Tendon Mechanical Properties. J.
Biomech. 2003, 36 (10), 1529−1553.
(68) McBride, D. J.; Trelstad, R. L.; Silver, F. H. Structural and
Mechanical Assessment of Developing Chick Tendon. Int. J. Biol.
Macromol. 1988, 10 (4), 194−200.
(69) Westergren-Thorsson, G.; Norman, M.; Björnsson, S.;
Endrésen, U.; Stjernholm, Y.; Ekman, G.; Malmström, A. Differential
Expressions of MRNA for Proteoglycans, Collagens and Transforming
Growth Factor-β in the Human Cervix during Pregnancy and
Involution. Biochim. Biophys. Acta, Mol. Basis Dis. 1998, 1406 (2),
203−213.
(70) Yoshida, M. Prostaglandin F2alpha, Cytokines and Cyclic
Mechanical Stretch Augment Matrix Metalloproteinase-1 Secretion
from Cultured Human Uterine Cervical Fibroblast Cells. Mol. Hum.
Reprod. 2002, 8 (7), 681−687.
(71) Sennström, M. B.; Brauner, A.; Byström, B.; Malmström, A.;
Ekman, G. Matrix Metalloproteinase-8 Correlates with the Cervical
Ripening Process in Humans. Acta Obstet. Gynecol. Scand. 2003, 82
(10), 904−911.
(72) Timmons, B.; Akins, M.; Mahendroo, M. Cervical Remodeling
during Pregnancy and Parturition. Trends Endocrinol. Metab. 2010, 21
(6), 353−361.
(73) Tamori, M.; Yamada, A.; Nishida, N.; Motobayashi, Y.; Oiwa,
K.; Motokawa, T. Tensilin-like Stiffening Protein from Holothuria
Leucospilota Does Not Induce the Stiffest State of Catch Connective
Tissue. J. Exp. Biol. 2006, 209 (9), 1594−1602.
(74) Yamada, A.; Tamori, M.; Iketani, T.; Oiwa, K.; Motokawa, T.
A. A Novel Stiffening Factor Inducing the Stiffest State of
Holothurian Catch Connective Tissue. J. Exp. Biol. 2010, 213 (20),
3416−3422.
(75) Barbaglio, A.; Tricarico, S.; Ribeiro, A.; Ribeiro, C.; Sugni, M.;
Di Benedetto, C.; Wilkie, I.; Barbosa, M.; Bonasoro, F.; Candia
Biomacromolecules pubs.acs.org/Biomac Review
https://doi.org/10.1021/acs.biomac.1c00013
Biomacromolecules XXXX, XXX, XXX−XXX
N
Carnevali, M. D. The Mechanically Adaptive Connective Tissue of
Echinoderms: Its Potential for Bio-Innovation in Applied Technology
and Ecology. Mar. Environ. Res. 2012, 76 (C), 108−113.
(76) Ribeiro, A. R.; Barbaglio, A.; Oliveira, M. J.; Ribeiro, C. C.;
Wilkie, I. C.; Candia Carnevali, M. D.; Barbosa, M. A. Matrix
Metalloproteinases in a Sea Urchin Ligament with Adaptable
Mechanical Properties. PLoS One 2012, 7 (11), No. e49016.
(77) Barbaglio, A.; Tricarico, S.; Ribeiro, A. R.; Di Benedetto, C.;
Barbato, M.; Dessì, D.; Fugnanesi, V.; Magni, S.; Mosca, F.; Sugni,
M.; Bonasoro, F.; Barbosa, M. A.; Wilkie, I. C.; Candia Carnevali, M.
D. Ultrastructural and Biochemical Characterization of Mechanically
Adaptable Collagenous Structures in the Edible Sea Urchin
Paracentrotus Lividus. Zoology 2015, 118 (3), 147−160.
(78) Wilkie, I. C.; Fassini, D.; Cullora,̀ E.; Barbaglio, A.; Tricarico,
S.; Sugni, M.; Del Giacco, L.; Candia Carnevali, M. D. Mechanical
Properties of the Compass Depressors of the Sea-Urchin Para-
centrotus Lividus (Echinodermata, Echinoidea) and the Effects of
Enzymes, Neurotransmitters and Synthetic Tensilin-like Protein.
PLoS One 2015, 10 (3), No. e0120339.
(79) Mo, J.; Prévost, S. F.; Blowes, L. M.; Egertová, M.; Terrill, N. J.;
Wang, W.; Elphick, M. R.; Gupta, H. S. Interfibrillar Stiffening of
Echinoderm Mutable Collagenous Tissue Demonstrated at the
Nanoscale. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (42), E6362−
E6371.
(80) Ribeiro, A. R.; Barbaglio, A.; Benedetto, C. D.; Ribeiro, C. C.;
Wilkie, I. C.; Candia Carnevali, M. D.; Barbosa, M. A. New Insights
into Mutable Collagenous Tissue: Correlations between the Micro-
structure and Mechanical State of a Sea-Urchin Ligament. PLoS One
2011, 6 (9), No. e24822-10.
(81) Ribeiro, A. R.; Barbaglio, A.; Oliveira, M. J.; Santos, R.; Coelho,
A. V.; Ribeiro, C. C.; Wilkie, I. C.; Candia Carnevali, M. D.; Barbosa,
M. A. Correlations between the Biochemistry and Mechanical States
of a Sea-Urchin Ligament: A Mutable Collagenous Structure.
Biointerphases 2012, 7 (1−4), 38.
(82) Wilkie, I. C. Is Muscle Involved in the Mechanical Adaptability
of Echinoderm Mutable Collagenous Tissue? J. Exp. Biol. 2002, 205
(2), 159−165.
(83) Birenheide, R.; Motokawa, T. Motility and Stiffness of Cirri of
the Stalked Crinoid Metacrinus Rotundus. In Echinoderm Research;
Emson, R. H., Smith, A. B., Campbell, A. C., Eds.;A. A. Balkema:
Rotterdam, 1995; pp 91−94.
(84) Birenheide, R.; Motokawa, T. Crinoid Ligaments: Catch and
Contractility. Echinoderms San Fr. 1998, 139−144.
(85) Birenheide, R.; Yokoyama, K.; Motokawa, T. Cirri of the
Stalked Crinoid Metacrinus Rotundus: Neural Elements and the
Effect of Cholinergic Agonists on Mechanical Properties. Proc. R. Soc.
London, Ser. B 2000, 267 (1438), 7−16.
(86) Trotter, J. A.; Koob, T. J. Collagen and Proteoglycan in a Sea
Urchin Ligament with Mutable Mechanical Properties. Cell Tissue Res.
1989, 258 (3), 527−539.
(87) Wilkie, I. C.; Candia Carnevali, M. D.; Andrietti, F.
Microarchitecture and Mechanics of the Sea-Urchin Peristomial
Membrane. Bolletino di Zool. 1994, 61 (1), 39−51.
(88) Motokawa, T. Fine Structure of the Dermis of the Body Wall of
the Sea Cucumber, Stichopus Chloronotus, a Connective Tissue
Which Changes Its Mechanical Properties. Galaxea 1982, 1, 55−64.
(89) Goh, K. L.; Holmes, D. F. Collagenous Extracellular Matrix
Biomaterials for Tissue Engineering: Lessons from the Common Sea
Urchin Tissue. Int. J. Mol. Sci. 2017, 18 (5), 5.
(90) Shen, Z. L.; Dodge, M. R.; Kahn, H.; Ballarini, R.; Eppell, S. J.
Stress-Strain Experiments on Individual Collagen Fibrils. Biophys. J.
2008, 95 (8), 3956−3963.
(91) Shen, Z. L.; Kahn, H.; Ballarini, R.; Eppell, S. J. Viscoelastic
Properties of Isolated Collagen Fibrils. Biophys. J. 2011, 100 (12),
3008−3015.
(92) Thurmond, F. A.; Koob, T. J.; Bowness, J. M.; Trotter, J. A.
Partial Biochemical and Immunologic Characterization of Fibrillin
Microfibrils from Sea Cucumber Dermis. Connect. Tissue Res. 1997, 36
(3), 211−222.
(93) Trotter, J. A.; Lyons-Levy, G.; Luna, D.; Koob, T. J.; Keene, D.
R.; Atkinson, M. A. L. Stiparin: A Glycoprotein from Sea Cucumber
Dermis That Aggregates Collagen Fibrils. Matrix Biol. 1996, 15 (2),
99−110.
(94) Koob, T. J.; Koob-Emunds, M. M.; Trotter, J. A. Cell-Derived
Stiffening and Plasticizing Factors in Sea Cucumber (Cucumaria
Frondosa) Dermis. J. Exp. Biol. 1999, 202 (17), 2291−2301.
(95) Trotter, J. A.; Lyons-Levy, G.; Chino, K.; Koob, T. J.; Keene, D.
R.; Atkinson, M. A. L. Collagen Fibril Aggregation-Inhibitor from Sea
Cucumber Dermis. Matrix Biol. 1999, 18 (6), 569−578.
(96) Tipper, J. P.; Lyons-Levy, G.; Atkinson, M. A. L.; Trotter, J. A.
Purification, Characterization and Cloning of Tensilin, the Collagen-
Fibril Binding and Tissue-Stiffening Factor from Cucumaria Frondosa
Dermis. Matrix Biol. 2002, 21 (8), 625−635.
(97) Tricarico, S.; Barbaglio, A.; Burlini, N.; Giacco, L.; Ghilardi, A.;
Sugni, M.; Benedetto, C.; Bonasoro, F.; Wilkie, I. C.; Candia
Carnevali, M. D. New Insights into the Mutable Collagenous Tissue
of Paracentrotus lividus: preliminary results. Zoosymposia 2012, 7,
279−285.
(98) Takehana, Y.; Yamada, A.; Tamori, M.; Motokawa, T. Softenin,
a Novel Protein That Softens the Connective Tissue of Sea
Cucumbers through Inhibiting Interaction between Collagen Fibrils.
PLoS One 2014, 9 (1), 1.
(99) Yu, W. H.; Yu, S. S. C.; Meng, Q.; Brew, K.; Woessner, J. F.
TIMP-3 Binds to Sulfated Glycosaminoglycans of the Extracellular
Matrix. J. Biol. Chem. 2000, 275 (40), 31226−31232.
(100) Gaino, E.; Pronzato, R. Etude En Microscopie Électronique
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